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The purpose of this study was to explore the effect of mineral content on the dynamic mechanical properties and denaturation temperature
of cortical bone. Cortical bone specimens from bovine femora were treated with 0.2 mol/l buffered solution of EDTA to reduce bone mineral
content (BMC). The viscoelasticity, microstructure and denaturation temperature of bone was characterized by dynamic mechanical thermal
analyzer (DMTA), FTIR spectroscopy and differential scanning calorimeter (DSC), respectively. FTIR analysis revealed that EDTA treatment
had a negligible effect on the microstructure of the collagen fibers. DMTA analysis indicated that the storage modulus (E¶) and loss modulus
(E) of bone specimens decreased upon decreasing BMC, whereas loss factor (tand) increased upon decreasing BMC. In addition, tand peak
broadened and splitted into two peaks upon decreasing BMC. A lessening of transformation temperature with decreasing BMC was observed
in DSC testing.
D 2005 Elsevier B.V. All rights reserved.Keywords: Bone; Viscoelasticity; Microstructure; Mineral1. Introduction
Bone is a natural composite material primarily consisting
of an organic phase (mostly Type I collagen) as matrix and a
mineral phase (hydroxyapatite crystal) as reinforcement
[1,2]. From the theory of composite materials, the mineral
phase imparts the strength and stiffness to bone, whereas the
organic phase the toughness and viscoelasticity. Mineral
phase plays a vital role in withstanding the mechanical force
applied to bone. It has been shown that decreasing bone
mineral content is one of the major factors contributing to
increased osteoporosis fracture risk with age [3].
Most bone fractures occur under dynamic loading
conditions, under which the viscoelasticity of bone may
have a pronounced effect [4,5]. Therefore, a better under-
standing of viscoelasticity of bone and its mechanism will0167-577X/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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development of novel bone substitute. Recently, Yamashita
et al. reported their studies relating the effects of Type I
collagen and moisture content on the viscoelasticity of bone
using DMA [4,5]. Yeni et al. investigated changes of
apparent viscoelasticity of bone at the presence of a flaw [6].
However, to the knowledge of the authors, few are known
relating the influence of bone mineral content on this aspect.
The purpose of the present study was to explore the
effects of mineral content on the dynamic mechanical
thermal behavior of cortical bone with the use of DMTA.
In addition, the denaturation temperatures of bone and
effects of EDTA treatment on the microstructure of the
collagen fibers were investigated.2. Materials and methods
Specimens of cortical bone were obtained from the lateral
and medial cortices of fresh bovine femur. The specimens
were prepared with dimensions of 25.06.00.6 mm005) 2277 – 2280
Table 1









A 0 1.26T0.07 1.95T0.14 0.0
B 12 0.98T0.07 1.79T0.12 22.4T5.2
C 24 0.72T0.02 1.63T0.06 42.6T1.9
D 48 0.61T0.02 1.57T0.02 51.1T1.5
12
intact
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randomly divided into four groups (labeled A, B, C, D).
Specimens in group A served as the control without any
treatment, and specimens in the remaining three groups
were treated with 0.2 mol/l buffered solution of EDTA
sodium phosphate (pH=7.3) at 2 -C for 12 h, 24 h, and 48
h, respectively. After treatment, the specimens were
wrapped in gauze saturated with physiological saline and
frozen at 20 -C. Prior to testing, specimens were defrosted
in physiological saline.
The apparent density (AD) and volume (noted as v) of
each specimen were measured according to Archimedes
Method. After treatment, three specimens from each group
were calcined for 5 h at 800 -C in an electrical oven to
eliminate all the organic substance. The mass of each
specimen (noted as m) was measured and recorded after





Demineralization Degree %ð Þ
¼ 1 BMC treatedð Þ=BMC intactð Þ½   100%
Other three specimens from each group were tested in a
single cantilever mode, using a dynamic mechanical
analyzer (DMTA V, Rheometric Scientific, USA). Temper-
ature was scanned from 20 -C to 300 - C at the scanning
rate of 2 -C/min and a loading frequency of 1 Hz.
Experimental set-up is showed in Fig. 1. During temperature
scanning the equipment was able to monitor the complex
modulus, E* and the loss factor, tand. E*=E ¶+iE,
tand=E/E¶.
The residual one specimen from each group were
lyophilized and powdered, then examined with an infrared
reflection analysis system (AVATAR FT-IR 360, Nicolet,
USA) and a differential scanning calorimeter (DIL402C,
Netzsch, Germany). The FTIR was operated in reflection
mode. Atmosphere background was recorded prior to each
measurement and automatically subtracted. The DSC was
adopted to assess the denaturation temperature of bone.
Temperature was scanned from 20 -C to 300 -C, at aFig. 1. Experimental set-up of DMTA.scanning rate of 20 -C/min under the protection of pure
nitrogen.
The statistical significance (P) of bone mineral content
(BMC), apparent density of bone (AD), denaturation
temperatures in DSC and wave numbers in IR spectra
among the test groups were determined by one-way analysis
of variance test (ANOVA) using statistical software (SPSS
11.0 for Windows, SPSS Inc.). Null probability of less than
0.05 was considered to be significant for all statistical tests.3. Results and discussion
The average BMC, AD and demineralization degree are
shown in Table 1. The statistical analysis reveals that there
are statistically significant differences in BMC and AD of
bone between the different test groups (P<0.01).
DMTA analysis indicates that the storage modulus (E¶)
and loss modulus (E) of bone specimens decrease system-
atically upon decreasing BMC (Figs. 2 and 3), whereas loss
factor (tand) increases upon decreasing BMC (Fig. 4). The
tand peak broadens and splits into two peaks with the
decreasing BMC.
In DSC assessments, a shift of denaturation temperature
to lower temperature with decreasing BMC is observed (Fig.
5), and the denaturation temperatures are approximately
coincidental with the temperatures at which E¶ decrease
significantly with the increase of temperature. The DSC
analysis reveals the protection role of mineral crystals.
Mineral crystals function more effectively to prevent
















Fig. 2. Changes in storage modulus (E ¶) as a function of temperature.


































Fig. 5. Changes of heat flow as a function of temperature.
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significant decrease of denaturation temperature with the
decrease of BMC (P=0.044).
IR spectra in the absorption mode are showed in Fig. 6.
IR bands are assigned according to literature [8–10].
Collagen exhibits a series of absorptions from 1240 to
1650 cm1. Bands at 1243T3 cm1 are assigned to amide
III. Bands of C–H twist vibration appearing at 1448T2
cm1 overlapped partially with bands at 1413T4 cm1 are
assigned to asymmetry vibration of carbonate root (CO3)
in inorganic substance. It has been reported that three
components of carbonyl vibration are at 1631 cm1, 1643
cm1, and 1660 cm1 [8]. There are bands at 1646T3 cm1
in the spectra, these bands are assigned to Amide I, which
may be the segistration of the three carbonyl bands referred
above. Bands at 1550T2 cm1 are assigned tentatively to
amide II. Bands at 2977T55 cm1 are discrete and
unconspicuous, these bands are assigned to C–H stretch.
Bands at 874T2 cm1 and 1413T4 cm1 relate to carbonate




2 symmetric stretch, which are
mainly from hydroxyapatite. Bands at 2362T3 cm1 are
assigned to carbon dioxide in atmosphere. Weak water
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Fig. 4. Changes in loss factor (tand) as a function of temperature.analysis indicates that there is no significant deviation in
wavenumbers of various functional groups (P>0.05).
From the results of FTIR analysis it seems reasonable to
assume that EDTA treatment has a negligible effect on the
collagen molecular structure and the three-dimensional
network of the collagen fibers. The result is coincidental
with the literatures [11]. Therefore, in this study the change
of viscoelasticity of bone results primarily from the differ-
ence of BMC. The organic phase of bone mainly consists of
type I collagen, which has a long-chain molecular structure.
It was theorized that the collagen would affect the dynamic
mechanical properties of bone significantly [5]. However,
the results of this investigation reveal that the mineral plays
an important role on the viscoelastic property of bone as
well.
E¶ relates to the stiffness of the material. Est=E¶r0
2/4
measures the amount of energies stored and recovered by a
material during each cycle [12]. For bone, mineral crystals
can be regarded as the rigid filling agent, and collagen fibers
as the matrix [2]. Minerals possess much higher elastic
modulus (114 GPa) than collagen and endow bone with
elasticity, store and recover most energy under loading.























Fig. 6. The IR spectra of the test groups in the reflection mode (from the top
down, intact, demineralized 22.4%, demineralized 42.6%, demineralized
51.1%).
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the mineral phase that is principally responsible for the
storage modulus. The responses of E¶ as a function of
temperature are similar for all four groups, which show a
steep decrease between 200 -C and 240 -C. Since bone
mineral is stable up to 400 -C, the phenomenon may result
from the aggravation of collagen segmer motions in this
temperature range.
E¶ relates to the toughness of the material. Ed=pEr0
2
measures the energies dissipated during each cycle and per
volume unit [12]. Collagen fibers could absorb and dissipate
cyclic mechanical energy through the motions of segmer
and side group [5]. Mineral phase may increase the energy
dissipation of the segmer and side group motion of collagen
fibers due to the interaction between mineral and collagen,
which leads to the increase of the energy absorption and
dissipation of bone (E) as seen in the hydroxyapatite
reinforced starch composite [13]. The results reveal that
Edecreases upon decreasing DMC. However, since under
the same temperature the extent of the decrease of E¶ is
greater than that of E, tand (=E/E¶) increases upon
decreasing DMC.
The first tand peak appeared at about 230 -C. The studies
of Yamashita et al. indicated that the denaturation of bone
collagen occurred when temperature exceeded 120 -C, and
significant collagen denaturation was observed after heating
to 200 -C [5]. The first tand peak is supposed to be induced by
despiralization of tridimensional helix structure of collagen
molecule. The specimens were found singed after the test,
which suggested that collagen was dehydrated and carbon-
ized during the heating process. Thus, the second tand peak is
supposed to be caused by collagen fibers’ decomposition.
Despiralization and decomposition could consume energies
and lead to values of tand and E increase accordingly.
Although decrease of bone mineral content is believed
responsible for decrease of stiffness of bone under static
loading, they could not explain convincingly the reason of
increasing bone fracture risk with age, which happen usually
in fall [14]. As mentioned at the beginning of this paper, in
clinic most bone fractures occur under dynamic loading,
which suggests that the viscoelasticity of bone may play a
pronounced role in clinic diagnosis of the risk of bone
fracture. The energy dissipation and absorption of bone
under cyclic loading (E) may measure the capability of
bone to withstand impact loading until fracture. Since most
osteoporosis fracture happen at fall, the decrease of E
implies the increase of risk of bone fracture. In conclusion,
the results of this study suggest that the decrease of bone
mineral content not only results in the decrease of stiffness
of bone as indicated in the literatures, also the increase ofrisk of the fracture of bone in fall due to the decrease of E.
However, according to the study of Yamashita et al.
moisture played a prominent role in determining the
viscoelasticity of bone [4,5]. Due to the complicated
interaction among collagen, mineral, and moisture, under-
lying mechanism is not very clear. Further study will be
required to explore this issue.4. Conclusions
DMTA analysis indicated that the storage modulus (E¶)
and loss modulus (E) of bone specimens decreased upon
decreasing BMC, whereas loss factor (tand) increased upon
decreasing BMC. A lessening of denaturation temperature
with decreasing BMC was observed in DSC testing as well.
The results of this investigation revealed that the BMC
played an important role on the viscoelastic property of
bone and the presence of mineral phase will reduce the
movability of collagen chains.Acknowledgement
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